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Mice (ICR)Glucose is an essential source of energy for body metabolism and is transported into cells by glucose trans-
porters (GLUTs). Well-characterized class I GLUT is subdivided into GLUTs1–4, which are selectively
expressed depending on tissue glucose requirements. However, there is no available data on the role of
GLUTs during tooth development. This study aims to clarify the functional signiﬁcance of class I GLUT during
murine tooth development using immunohistochemistry and an in vitro organ culture experiment with an
inhibitor of GLUTs1/2, phloretin, and Glut1 and Glut2 short interfering RNA (siRNA). An intense GLUT1-
immunoreaction was localized in the enamel organ of bud-stage molar tooth germs, where the active cell
proliferation occurred. By the bell stage, the expression of GLUT1 in the dental epithelium was dramatically
decreased in intensity, and subsequently began to appear in the stratum intermedium at the late bell stage.
On the other hand, GLUT2-immunoreactivity was weakly observed in the whole tooth germs throughout
all stages. The inhibition of GLUTs1/2 by phloretin in the bud-stage tooth germs induced the disturbance of
primary enamel knot formation, resulting in the developmental arrest of the explants and the squamous
metaplasia of dental epithelial cells. Furthermore, the inhibition of GLUTs1/2 in cap-to-bell-stage tooth
germs reduced tooth size in a dose dependent manner. These ﬁndings suggest that the expression of
GLUT1 and GLUT2 in the dental epithelial and mesenchymal cells seems to be precisely and spatiotemporally
controlled, and the glucose uptake mediated by GLUT1 plays a crucial role in the early tooth morphogenesis
and tooth size determination.
© 2011 Elsevier Inc. All rights reserved.Introduction
Tooth development initiates with the local thickening and invagina-
tion of the oral epithelium into the underlying dental mesenchyme,
followed by the formation of the enamel organ, dental papilla and dental
follicle and the cytodifferentiation into ameloblasts and odontoblasts.
During these stages, the molecular mechanisms regulating the epitheli-
al–mesenchymal interaction have been elucidated, and some signal
families such as BMP, FGF, HH andWnt play important roles in inducing
tooth morphogenesis (Thesleff, 2003; Tummers and Thesleff, 2009).
However, therehavebeenno reports on theprocess of toothdevelopment
from the nutritional point of view, especially for glucose metabolism.
Glucose is an essential source of energy formammalian cells and plays
an important role in body metabolism as well as organ development.hshima).
rights reserved.Transport of glucose across plasma membranes is mainly mediated by
glucose transporters (GLUTs). Thirteen members of the GLUT family
have been identiﬁed (Joost and Thorens, 2001) and they are expressed
in tissue- and cell-speciﬁc functional manners depending on various glu-
cose requirements (Wood and Trayhurn, 2003). The facilitative GLUT
members are classiﬁed into three groups according to their sequence sim-
ilarities and characteristics (Joost and Thorens, 2001), and GLUTs1–4 are
included into class I transporter,which is themostwell-characterized iso-
type. Among these isoforms, GLUT1, originally called the HepG2/erythro-
cyte/brain transporter, is a basal glucose transporter that is widely
expressed inmany tissues, particularly in fetal tissues, and has a relatively
high afﬁnity for glucose (Birnbaumet al., 1986; Fukumoto et al., 1989). On
the other hand, GLUT2 has a low afﬁnity but a high capacity for glucose
transport, and is mainly distributed in liver cells and intestinal epithelial
cells (Fukumoto et al., 1988). GLUT3 and GLUT4 also have a high afﬁnity
for glucose mainly localized in the brain (Rayner et al., 1994).
Glucose, which is incorporated into the cells through GLUTs, is
stored as glycogen in their cytoplasm as a major source for metabolic
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cogen deposits have been observed in the enamel organ cells as well
as the dental follicle cells in a stage speciﬁc manner (Ohshima et al.,
1999). Therefore, it is speculated that the timing of glucose uptake
mediated by GLUTs and the storage of glycogen might be tightly reg-
ulated during tooth morphogenesis. However, there have been no re-
ports on the expression of GLUTs during murine tooth development.
Glucose transport by GLUTs is sensitive to cytochalasin B and
phloretin (Afzal et al., 2002). Phloretin is a natural product and di-
etary constituent found in fruit trees, and has been used as a speciﬁc
inhibitor of GLUT1 (Afzal et al., 2002; Park et al., 2002) as well as
GLUT2 (Jordan and Holman, 1992; Walker et al., 2005), which binds
to the external surface of GLUTs (Krupka, 1985). Phloretin has been
shown to inhibit the growth of several cancer cells in vivo (Nelson
and Falk, 1993a, 1993b), and also to induce the apoptosis of tumor
cells by suppressing transmembrane glucose transport in vitro
(Kobori et al., 1997). The precise cell proliferation and apoptosis of
the dental epithelium in time and space during early tooth develop-
ment is an important event in determining the tooth shape and size
(Bronckers et al., 1982; Casasco et al., 1995; Coin et al., 1999; Jernvall
et al., 1998; Kieffer et al., 1999; Lesot et al., 1996; Shigemura et al.,
1999; Smith, 1980). Therefore, it is speculated that the suppression of
glucose uptake by a GLUT inhibitor, such as phloretin, might affect
tooth morphogenesis. However, there is no available data regarding
the effects of phloretin on dental epithelial and mesenchymal cells.
This study aims to demonstrate the expression modes of class I
GLUT (GLUTs1–4) during murine tooth development, and to prove
the functional signiﬁcance of glucose uptake mediated by GLUTs in
the process of odontogenesis using a speciﬁc inhibitor of GLUTs1/2,
phloretin, as well as Glut1 and Glut2 small interfering RNA (siRNA)
in the tooth germ organ culture system.
Materials and methods
Tissue preparation
All experiments were reviewed by the Committee on the Guide-
lines for Animal Experimentation of Niigata University and performed
according to the recommendations or under the conditions proposed
by the review committee. Two each of ICR mice from embryonic day
13.5 (E13.5), E14.5, E15.5, E18.5 as well as from postnatal day 1 (P1)
and P5 were used in this study. The pregnant mice and postnatal pups
were injected intraperitoneally with BrdU (150 mg/kg), and subse-
quently perfused with physiological saline followed by 4% parafor-
maldehyde in a 0.1 M phosphate buffer (pH 7.4). The maxillae were
removed en bloc and immersed in the same ﬁxative for an additional
12 h. Following decalciﬁcation in a 5–10% ethylenediamine tetraace-
tic acid disodium salt (EDTA-2Na) solution for 2 weeks at 4 °C in the
case of need, serial sections with 4 μm thickness were stained with
hematoxylin–eosin (HE) and processed for immunohistochemistry
using the antibodies described below.
Immunohistochemistry
The immunohistochemistry was performed using the Envision+/
HRP system (Dako, Glostrup, Denmark). Rabbit polyclonal antibodies
against GLUT1, GLUT3 and GLUT4 were obtained from Abcam
(Abcam, Cambridge, UK), and a rabbit polyclonal antibody against
GLUT2 was purchased from Santa Cruz Biotech Inc. (Santa Cruz, CA,
USA). A mouse monoclonal antibody against Ki67 was obtained
from Dako, and an anti-glycogen monoclonal antibody was raised as
described elsewhere (Baba, 1993). Sections were autoclaved in citric
acid buffer (pH 6.0) at 121 °C for 5 min, and then treated with 0.3%
hydrogen peroxide in methanol for 30 min at room temperature to
block endogenous peroxidase activity. After rinsing in PBS, they
were incubated with 5% skimmed milk in PBS and 0.05% TritonX-100 (T-PBS) for 1 h at room temperature to block non-speciﬁc
protein-binding sites. They were then incubated overnight at 4 °C
with the primary antibodies diluted at 50 μg/ml in T-PBS. For visuali-
zation of reaction products, sections were treated with 0.02% 3,3′-di-
aminobenzidine (Dohjin Laboratories, Kumamoto, Japan) in 0.05 M
Tris–HCl buffer (pH 7.4) containing 0.005% hydrogen peroxide, and
they were counterstained with hematoxylin. For control experiments,
the primary antibodies were replaced with preimmune rabbit or
mouse IgGs. For detection of BrdU incorporation into cellular DNA, the
Calbiochem BrdU Immunohistochemistry System (EMD Biosciences,
Darmstadt, Germany) was used.In situ hybridization for Shh
In situ hybridizationwas carried out according to standard protocols
(Nakatomi et al., 2006), with some modiﬁcations. Digoxigenin-labeled
probe for Shh was prepared as described previously (Dassule and
McMahon, 1998). After hybridization, sections were stained with
4-nitro-blue-tetrazolium (NBT)/5-bromo-4-chloro-3-indolyl-phosphate
(BCIP) (Roche Diagnostics Corporation, Indianapolis, IN, USA) dissolved
in a solution containing 10% w/v polyvinyl alcohol (Sigma Chemical, St.
Louis, MO, USA), 100 mM Tris–HCl (pH9.6), 100 mM NaCl, and 5 mM
MgCl2.TUNEL assay
For the detection of apoptotic cells, parafﬁn sectionswere processed
with in situ apoptosis detection kits (ApopTag: Chemicon International,
Temecula, CA, USA) following the manufacturer's instructions. Brieﬂy,
sections were treated with 20 μg/ml proteinase K for 15 min at room
temperature, and then incubated with TdT enzyme at 37 °C for 1 h
and anti-Digoxigenin-Peroxidase solution for 30 min. DAB was applied
as a substrate solution to detect the sites of in situ apoptosis.Cells and cell culture
A mouse dental epithelial cell line, mHAT-9a, originating from the
apical bud of mouse incisor (Harada and Ohshima, 2004) and
primary-cultured dental pulp cells isolated as described previously
(Ida-Yonemochi et al., 2005) were used to conﬁrm the effect of phlor-
etin, Glut1 and Glut2 siRNA. The mHAT-9a cells were maintained in
DMEM/Ham's F12 medium (Invitrogen Corporation, Carlsbad, CA,
USA) with 20 ng/ml EGF (R&D Systems, Minneapolis, MN, USA),
25 ng/ml FGF2 (R&D Systems), and 1% penicillin–streptomycin
(Gibco BRL, Grand Island, NY, USA) in air at 37 °C. A 0.5 mM phloretin
(Sigma) was added into the media when the cell growth was observed
at 80% conﬂuence and incubated for 2 days.Organ culture experiments
Mandibular molar germs were dissected from ICR embryonic mice
at E13.5, E14.5 and E16.5, and were grown for 3 to 14 days at 37 °C in
a modiﬁed Trowell system containing Dulbecco's Modiﬁed Eagle's
Medium (DMEM) with high glucose (Gibco 12430, Gibco BRL) or
without glucose (Gibco 11966, Gibco BRL), with 10% fetal bovine
serum, 100 μg/ml ascorbic acid (Seikagaku Kogyo, Tokyo, Japan) and
100 U/ml penicillin–streptomycin (Gibco BRL). Phloretin dissolved
in 0.05% dimethylsulfoxide (DMSO) was added in the medium at
the onset of culture. The concentrations of phloretin were 0.25, 0.5,
and 1.0 mM. For control experiments, the same volume of 0.05%
DMSO without phloretin was added. After cultivation, the explants
were used for histological analysis.
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Small interfering RNA (siRNA) transfection to the organ culture ex-
plants was performed using oligofectamin (Invitrogen). Control
siRNA, Glut1 siRNA and Glut2 siRNA were designed by BLOCK-iT™
RNAi Designer and purchased from Invitrogen. A siRNA stock
(20 μM) was diluted into 200 nM with serum-free DMEM medium
containing oligofectamin. After 20-minute incubation, each mixed re-
agent was applied to each dish and cultured for 7 days. Culture media
containing siRNA solution were changed every 2 days. For transfection
to mHAT-9a cells and primary-cultured dental pulp cells, Lipofecta-
mine™ RNAiMAX (Invitrogen) was used and incubated for 3 days. The
siRNA sequences used in this study are listed in Supplemental Table 1.
Reverse transcriptase-polymerase chain reaction (RT-PCR)
Total RNA was isolated from mHAT-9a cells using the Trisol system
(Invitrogen). cDNAwas synthesized from the RNAwith the SuperScript
First-Strand Synthesis System (Invitrogen). The sequences of the PCR
primer pairs for β-actin, Glut1, Glut2, and glycogen synthase are listed
in Supplemental Table 1. The thermocycling protocol during 30 ampliﬁ-
cation cycles was as follows: denaturation at 94 °C for 1 min, annealing
at 60 °C for 1 min, and extension at 72 °C for 1 min. The ampliﬁed DNA
fragments were separated by electrophoresis on 3% agarose gels.
Statistical analysis
The numbers of BrdU- and TUNEL-positive cells in the enamel
organ and dental papilla of each specimen were calculated separately.
Data were obtained from the samples of 7 enamel organs (control
[n=4] or phloretin-treated tooth germs [n=3]) and 11 dental papil-
lae (control [n=7] or phloretin-treated tooth germs [n=4]) for BrdU
labeling and 11 enamel organs (control [n=6] or phloretin-treated
tooth germs [n=5]) and 14 dental papillae (control [n=7] or
phloretin-treated tooth germs [n=7]) for TUNEL assay. The size of
tooth germs in control (n=13) and phloretin-treated (n=22) or
glucose-free groups (n=5) is calculated. All data were presented as
the means and standard deviations (s.d.) of each group. Furthermore,
the number of cells in the enamel organ and dental papilla or the size
of tooth germs was compared by Student's t-test with Levene test or
Bonferroni's test (one-way analysis of variance; ANOVA) using statis-
tical software (SPSS 16.0J for Windows; SPSS Japan, Tokyo, Japan).
Results
Immunohistochemical analyses of GLUT1 and GLUT2 in molar tooth germs
Firstly, we conﬁrmed which subtypes among class I transporter
(GLUTs1–4) were being expressed in the murine tooth germs at the
embryonic and postnatal stages. Only GLUT1 and GLUT2 were immu-
nolocalized within the tooth germs at all developmental stages (data
not shown).
From the bud to early cap stage (E13.5), GLUT1 was strongly
immunolocalized in the whole enamel organ cells, where the active
cell proliferation occurred as demonstrated by BrdU labeling (Fig.
1A,C). Erythrocytes also showed intense immunoreaction of GLUT1,
and dental mesenchymal cells were weakly positive for GLUT1
(Fig. 1A). On the other hand, GLUT2 was faintly detected throughout
the enamel organ as well as the dental mesenchyme (Fig. 1B). Glyco-
gen accumulation was observed in the dental lamina and follicle,
whereas the enamel knot and dental papilla were not positive for gly-
cogen (Fig. 1D). Throughout all developmental stages, the opposite
correlation between GLUT1 expression and glycogen storage was ob-
served (Fig. 1A,D,E,H,I,L,M,P,Q,T). From the cap to bell stage (E14.5,
E18.5), the expression of GLUT1 in the enamel organ was gradually
decreased in intensity: its expression disappeared ﬁrst from theinner and outer enamel epithelium as well as the enamel knot area
(Fig. 1E) and ﬁnally from the whole enamel organ (Fig. 1I), although
active cell proliferation occurred throughout tooth germs except for
primary and secondary enamel knots in these stages (Fig. 1G,K). As
for GLUT2, the staining intensities were almost the same throughout
molar tooth development (Fig. 1F,J,N,R). At the late bell stage (P1),
GLUT1 appeared intensely in the stratum intermediumaswell as faintly
in the inner enamel epithelium (Fig. 1M,Q), where the active cell prolif-
eration occurred, as demonstrated by Ki67-immunoreaction (Fig. 1O,S).
Differential expression of GLUT1 and GLUT2 in the ameloblast- and
odontoblast-lineage cells depending on the progress of their differentia-
tion in incisors
To compare the expression patterns of GLUT1 and GLUT2 in the
dental epithelial and mesenchymal cells in the process of their differ-
entiation into ameloblasts and odontoblasts, we observed the maxil-
lary incisors of postnatal mice (Fig. 2A). GLUT1 immunoreactivity
became stronger toward the apical bud (Harada and Ohshima,
2004) region (Fig. 2B), whereas GLUT2 became weaker (Fig. 2C),
showing opposite expression patterns. The strong GLUT1 expression
was observed in the preameloblasts and preodontoblasts (Fig. 2D–F),
while after their differentiation into ameloblasts and odontoblasts,
GLUT2 was strongly expressed instead of GLUT1 (Fig. 2G–I). Only the
cells of the stratum intermedium, which covered the differentiated
ameloblasts, were strongly immunopositive for GLUT1 (Fig. 2H).
The effects of GLUT1/2 inhibitor, Glut1 and Glut2 siRNA on the dental
epithelial cells in vitro
To evaluate the effect of GLUT inhibitor, phloretin, on glucose me-
tabolism in dental epithelial cells, we examined the expression of
Glut1, Glut2 and glycogen synthase mRNA in mHAT-9a cells. Glut1,
Glut2 and glycogen synthase mRNA were expressed in the control.
However, these expressions were suppressed in mHAT-9a cells in
the presence of phloretin (Fig. 3A). Next, we checked the effects of in-
hibition by Glut1 siRNA and Glut2 siRNA using mHAT-9a cells. The
Glut1 and Glut2 mRNA expression levels were speciﬁcally down-
regulated by Glut1 and Glut2 siRNA (Fig. 3A).
In vitro organ culture of molar tooth germs with GLUT inhibitor
To analyze the stage speciﬁc roles of GLUTs during tooth develop-
ment, we used a tooth germ organ culture system with or without
GLUT inhibitor, phloretin, and examined the inhibitory effect of glu-
cose uptake mediated by GLUT1 and GLUT2 on tooth germs. Murine
mandibular molars at E13.5, E14.5 and E16.5, which showed different
expression patterns of GLUT1, were treated with phloretin (Fig. 3B).
All of the control explants taken from E13.5 to E16.5 mice showed
normal tooth development after 9 days of culture (Fig. 3C, upper).
In contrast, the 0.5 mM phloretin-treated explants from E13.5 mice
showed developmental arrest at the bud stage, and the dental epithelial
cells showed squamous metaplasia (Fig. 3C, lower left). On the other
hand, tooth germs from E14.5 and E16.5mice grew almost normally ex-
cept for the poor differentiation into the ameloblasts and odontoblasts
(Fig. 3C, lower middle and right). Next, we conﬁrmed the effect of the
concentration of phloretin on the inhibition of tooth development. At
0.25 mMphloretin, the explants of ﬁrstmolar at E13.5 could develop al-
most normally, although the size showed a tendency to become smaller
depending on the concentration of phloretin after 9 days, although the
differences in the size were not statistically signiﬁcant (Fig. 3D, left
and middle, and Fig. S1A,B). At 1.0 mM phloretin, all cells were dam-
aged and no living cells including the epithelial and mesenchymal
cells could be detected (data not shown). The size of the explants at
E14.5 also showed a tendency to become smaller depending on the
Fig. 1. GLUT1 (A, E, I, M, Q), GLUT2 (B, F, J, N, R), BrdU (C, G, K), Ki67 (O, S) and glycogen (D, H, L, P, T) immunoreactivity in the mandibular ﬁrst molars at E13.5 (A–D), E14.5 (E–H),
E18.5 (I–L) and P1 (M–T). (A) GLUT1 is strongly immunolocalized in the whole enamel organ cells. Erythrocytes show intense immunoreaction for GLUT1, and dental mesenchymal
cells are weakly positive for GLUT1. (B, F, J, N, R) GLUT2 is faintly detected throughout the enamel organ as well as the dental mesenchyme. (C) Numerous proliferating cells occur in
the tooth germ. (D, H, L) Glycogen accumulation is observed in the dental lamina and follicle, whereas the enamel knot and dental papilla are not positive for glycogen. (E) GLUT1 is
not expressed in the inner and outer enamel epithelium as well as the enamel knot area (*). (G, K) Numerous proliferating cells occur in the tooth germ except for primary and
secondary enamel knots. (I) The enamel organ is negative for GLUT1. (M, Q) GLUT1 is intensely expressed in the stratum intermedium (arrow) as well as faintly in the inner enamel
epithelium. Erythrocytes in the stellate reticulum show intense immunoreaction for GLUT1. (O, S) Proliferating cells are densely localized in the inner enamel epithelium. (P, T)
Glycogen occurs in the dental papilla in addition to the enamel organ and dental follicle. Q, R, S and T are higher magniﬁed views of boxed areas in M, N, O and P, respectively.
(Scale bars, A–D, 50 μm; E–L, 100 μm; M–P, 250 μm; Q–T, 50 μm.) eo, enamel organ; dp, dental papilla; iee, inner enamel epithelium.
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statistically signiﬁcant (Fig. S1C,D). Furthermore, the size of the ex-
plants at both E13.5 and E14.5 in the glucose-free medium became sig-
niﬁcantly smaller than those in the medium including glucose, and the
status of cell differentiation in the former tooth germs was poor com-
pared with the latter tooth germs after 9 days (Fig. 4). The results of
tooth organ culture experiments were summarized in Table 1.
To investigate the mechanism of arrested tooth development by
phloretin, we examined the enamel knot formation of the explants.
Tooth germs from E13.5 mice were treated with or without 0.5 mM
phloretin for 3 days, and cell proliferation was analyzed by BrdUincorporation during 2 h. Cell proliferation was dramatically inhibited
in the enamel organ cells by phloretin (Fig. 5A,C) and the apoptotic fea-
tures were frequently observed in the primary enamel knot areas and
the dental papilla which were demonstrated by TUNEL staining
(Fig. 5A,C). Next, we performed the in situ hybridization of Shh to con-
ﬁrm the enamel knot formation. In the control explants, positive signals
were observed in the enamel knot areas as well as the inner enamel
epithelium, whereas the signals of Shh mRNA were not detected in
the phloretin-treated explants (Fig. 5B).
Next we performed a gene knockdown experiment using Glut1
siRNA and Glut2 siRNA to elucidate which kinds of GLUTs were
Fig. 2. HE staining (A, D, G), and GLUT1 (B, E, H) and GLUT2 (C, F, I) immunoreactivity in the sagittal sections of maxillary incisor at P5. (A, B, C) GLUT1 immunoreactivity becomes
stronger toward the apical bud region, whereas GLUT2 becomes weaker. (D, E, F) The strong GLUT1 expression is observed in the preameloblasts and preodontoblasts. (G, H, I)
GLUT2 is strongly expressed in the differentiated ameloblasts. D–I are higher magniﬁcation in A–C. (Scale bars, A–C, 250 μm; D–I, 50 μm.) pa, preameloblast; po, preodontoblast;
ab, ameloblast; ob, odontoblast.
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cause phloretin is a known inhibitor against GLUT1 and GLUT2.
After in vitro culture for 7 days in the presence of Glut1 siRNA, the ex-
plants showed almost the same morphological feature as those of
phloretin-treated tooth germs, and mRNA signals of Shh could not
be detected in the enamel organ, suggesting that enamel knot forma-
tion was disturbed (Fig. 6). These effects of phloretin, Glut1 siRNA and
Glut2 siRNA to the dental epithelial and mesenchymal cells were also
conﬁrmed by in vitro assay using mHAT-9a cells as well as primary-
cultured dental pulp cells (Fig. S2).
Discussion
The present study has demonstrated the expression proﬁles of
class 1 GLUT (GLUTs1–4) in murine developing tooth germs, and
the functional signiﬁcance of GLUTs has been conﬁrmed by the
tooth organ culture system combined with the loss of function exper-
iments. This is the ﬁrst report to describe the odontogenesis from the
aspect of glucose metabolism. The timing of GLUT1, which has high
afﬁnity with glucose, and low-afﬁnity GLUT2 expression in the dental
epithelial and mesenchymal cells seemed to be controlled critically
dependent on the glucose requirements during odontogenesis.
Glucose uptake is mainly mediated by facilitative glucose trans-
porters in an energy independent manner, and GLUT1 plays a major
role in increasing the energy required for cells (Macheda et al.,
2005). GLUT1 is highly expressed in the embryonic stage during or-
ganogenesis such as the development of mammary gland (Zhao andKeating, 2007), and its expression is regulated by intracellular and ex-
tracellular signals associated with cell proliferation, differentiation,
and nutritional starvation (Ito et al., 2002). Intracellular glucose is
stored as glycogen, and glycogen is also widely distributed in embry-
onic tissues to provide a source of potential energy in the cells. Glyco-
gen accumulation in the cytoplasm is transiently observed in several
cells, mainly in the progenitor cells, and the glycogen granules disap-
pear rapidly from the differentiated cells during development in some
organs such as submandibular gland, gonad and intramembranous
ossiﬁcation (Matoba et al., 2005; Matsuura et al., 2007; Ohshima et
al., 1999). We have previously reported that a complete absence of
glycogen deposits was observed during the active phase of tooth mor-
phogenesis, and suggested that the lack of glycogen deposits might be
associated with their demonstrated high signaling activities
(Ohshima et al., 1999). In the present study, glycogen accumulation
was transiently observed in the enamel organ and dental follicle,
and glycogen positive cells did not express GLUT1. This kind of nega-
tive correlation between GLUT1 expression and glycogen storage has
also been reported in the oral mucosa, and neoplastic hepatic and
renal lesions (Ahn et al., 1992; Grobholz et al., 1993; Kuroki et al.,
2009). Furthermore, the reduction of glycogen in hepatocytes has
been demonstrated to be accompanied by an increased expression
of GLUT1 and a decreased expression of GLUT2 in hepatocarcinogen-
esis (Grobholz et al., 1993). These results suggest that an increase of
GLUT1 expression and a reduction of glycogen accumulation are the
phenomena simultaneously occurring when the cells give rise to pro-
liferative cells.
Fig. 3. Effects of phloretin and Glut1 and Glut2 siRNA on the in vitro dental epithelial cells (A) and tooth germs (C, D), and the timing of phloretin treatment (B). (A) Glut1, Glut2 and
glycogen synthase mRNA are highly expressed in the control. These expressions are suppressed in mHAT-9a cells in the presence of phloretin. Glut1 and Glut2 mRNA expression
levels are speciﬁcally down-regulated by Glut1 and Glut2 siRNA. (B) Murine mandibular molars at E13.5, E14.5 and E16.5, which show different expression patterns of GLUT1,
are treated with phloretin. (C) All of the control explants taken from E13.5 to E16.5 mice show normal tooth development after 9 days of culture (upper). In contrast, the
0.5 mM phloretin-treated explant from E13.5 mice shows developmental arrest at the bud stage, and the dental epithelial cells show squamous metaplasia (lower left). On the
other hand, tooth germs from E14.5 and E16.5 mice grow almost normally except for the poor differentiation into the ameloblasts and odontoblasts (lower middle and right).
(D) At 0.25 mM phloretin, the explant of ﬁrst molar at E13.5 develops almost normally, although the size became smaller depending on the concentration of phloretin after
9 days (left and middle). (Scale bar, 250 μm.)
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epithelial cells of bud-stage tooth germs, and was dramatically de-
creased in intensity by the bell stage in the present study. At this
stage, active cell proliferationwas also observed in this dental epithelial
bud and it is speculated that these cells should express high-afﬁnity
transporters in the cell surface to uptake much energy required for
cell growth. A signiﬁcant correlation between the GLUT1 expression
and the cell proliferation was also observed in the pathologicalcondition of oral mucosa (Choi et al., 2007; Kuroki et al., 2009). As a
modulator of GLUT1 expression, hypoxia increases GLUT1 expression
levels because of the binding of hypoxia-inducible factor-α (HIF-α) to
GLUT1 promoter (Okino et al., 1998), and GLUT1 might facilitate the
maintenance of glycolytic energymetabolism in cases of limited supply
of the substrate in poorly perfused regions in some pathological condi-
tions (Airley et al., 2010;Macheda et al., 2005). Although there has been
no report of the expression of HIF-α in developing tooth germ, the
Fig. 4. Effects of the glucose-free medium on the in vitro tooth germ after 9 days of culture. The size of the explants at both E13.5 and E14.5 in the glucose-free medium becomes
signiﬁcantly smaller than that in the medium including glucose, and the status of cell differentiation in the former tooth germs is poor compared with the latter tooth germs. (Scale
bar, 250 μm.)
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blood supply, and extracellular matrices around the stellate reticulum
are thought to act as a carrier for transport of nutrients to the enamel
organ cells after the cap stage (Ida-Yonemochi et al., 2005). Therefore,
enhanced GLUT1 expression only in the bud stage of the enamel
organ might be related to the low-nutritional condition.
Differential expressions of GLUT1 and GLUT2 were observed in the
dental epithelial and mesenchymal cells according to the progress of
their differentiation into ameloblasts and odontoblasts in the present
study. These results suggest that much energy is required at the time
of the cellular differentiation into hard-tissue forming cells, and that
the differentiated cells continue to express low afﬁnity and high capac-
ity GLUT2 during amelogenesis and dentinogenesis (Fukumoto et al.,
1989). The shift in the expression fromGLUT1 toGLUT2 also occurs dur-
ing rat liver development as well as hepatocarcinogenesis dependent
on the cellular differentiation stages (Asano et al., 1988; Grobholz et
al., 1993).
A 0.5 mM phloretin inhibited the growth of dental epithelial cells
and induced apoptosis in the enamel organ of E13.5 explants, result-
ing in the arrested enamel knot formation and tooth morphogenesis
in this study. The primary enamel knot appears in the bud to cap
stages of molar tooth germs and plays crucial roles as a signaling cen-
ter expressing many important signaling molecules to regulate early
tooth morphogenesis (Cho et al., 2007; Thesleff et al., 2001). On the
other hand, tooth germ development was not inhibited at E14.5 and
E16.5 explants even in the presence of phloretin. Thus, it is speculated
that the primary enamel knot may have already been formed in the
explants at E14.5 and E16.5 when tooth organ culture starts, andTable 1
Summary of tooth organ culture experiments with phloretin.
Tooth germ Phloretin (mM)
0.25 0.5 1.0
E13.5 ○ × ××
E14.5 ○ ○ ××
E16.5 ○ ○ ××
○: tooth development, ×: developmental arrest, ××: cell death.that the enamel organ cells from the late cap to bell stages might not
need much energy due to the low level expression of GLUT1 demon-
strated by in vivo immunohistochemistry. Furthermore, the preamelo-
blasts and preodontoblasts express GLUT1 and the differentiation into
ameloblasts and odontoblasts was inhibited by phloretin treatment in
the organ culture experiments, suggesting that a sufﬁcient energy
supply is also necessary for cell differentiation.
The effect of phloretin on tooth germ development depended on
its concentration in the present study. Since the amount of glucose
taken into the cytoplasm is dependent on the phloretin concentration
(Afzal et al., 2002), it is conceivable that the size of developing molar
germs might be affected due to the paucity of glucose within the cells.
The size of the tooth is thought to be determined by the intrinsic den-
tal mesenchymal factors (Cai et al., 2007). WNT and SHH signaling
pathways might regulate molar tooth size by controlling the cell pro-
liferation, migration and differentiation of dental epithelial and mes-
enchymal cells interacting with some signaling molecules (Dassule et
al., 2000; Sarkar and Sharpe, 2000). As another factor that inﬂuences
tooth size, the nutritional condition is speculated to affect tooth de-
velopment, because it has been reported that the nutritional status af-
fects the gross morphology and size of teeth (Abe, 2000; Shaw, 1970).
However, no report has directly proven the relationship between the
nutrition and the size of tooth. We have demonstrated for the ﬁrst
time that the nutritional condition such as glucose uptake at the
early stage of tooth germs is an important factor in determining the
size of tooth. This notion is supported by the ﬁndings that the size
of the explants in the glucose-free medium becomes signiﬁcantly
smaller than those in the medium including glucose in this study.
Phloretin is a non-speciﬁc protein kinase C (PKC) inhibitor
(Gschwendt et al., 1984). However, the induction of apoptosis by
phloretin is dependent on the inhibition of glucose transmembrane
transport in some cells (Kobori et al., 1997; Wu et al., 2009), and the
inhibition of protein kinase C activity by phloretin just promotes the
ratio of apoptotic cells (Kobori et al., 1997). Therefore, in our organ
culture experiments, the disturbance of glucose transport into the epi-
thelial cells was attributed to the apoptotic changes in the enamel
organ cellswhenGLUT1 are highly expressed in these cells. Interestingly,
the apoptotic cells were signiﬁcantly increased in number in the dental
Fig. 5. Effects of 0.5 mM phloretin on the in vitro tooth germs after 3 days of culture. (A) Cell proliferation is dramatically inhibited in the enamel organ cells by phloretin and the
apoptotic features are observed in the primary enamel knot areas (*) and the dental papilla. (Scale bars, upper, 100 μm; middle and lower, 50 μm.) (B) In the control explant, positive
signals are observed in the enamel knot areas as well as the inner enamel epithelium, whereas the signals of Shh mRNA are not detected in the phloretin-treated explant. (Scale bar,
100 μm.) (C) BrdU-positive cells in the enamel organ and dental papilla are signiﬁcantly decreased in number in the phloretin-treated tooth germs. In contrast, TUNEL-positive cells in
the dental papilla are signiﬁcantly increased in number in the phloretin-treated tooth germs. (Scale bar, 100 μm.) eo, enamel organ; dp, dental papilla.
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non is attributed to the epithelial–mesenchymal interaction where epi-
thelial signals may affect the cell survival in the mesenchyme, resultingin reduction of the tooth size which is determined by the mesenchymal
factors (Cai et al., 2007). The samemorphological changes in the explants
by phloretin were observed in the Glut1-siRNA experiment, suggesting
Fig. 6. Effects ofGlut1 andGlut2 siRNA on the in vitro tooth germs. After in vitro culture for
7 days in the presence of Glut1 siRNA, the explant shows almost the same morphological
features as that of the phloretin-treated tooth germ, and mRNA signals of Shh are not
detected in the enamel organ.
60 H. Ida-Yonemochi et al. / Developmental Biology 363 (2012) 52–61that the inhibition by phloretin on tooth germ development is mainly
mediated by GLUT1, not by GLUT2.
In conclusion, we demonstrated for the ﬁrst time the immunolo-
calization of GLUT1 and GLUT2 during murine tooth development.
The expression of GLUT1 and GLUT2 in the dental epithelial and mes-
enchymal cells seems to be precisely controlled spatiotemporally, and
the glucose uptake mediated by GLUT1 plays a crucial role in early
tooth morphogenesis including the determination of tooth size.
Supplementary materials related to this article can be found online
at doi:10.1016/j.ydbio.2011.12.020.
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